
A0D-AI05 III CORNELL UNIV ITHACA NY SCHOOL OF ELECTRICALENIERG FG9/PRACTICAL STUDT OF SILICON MICROWAVE TRAMSISTOSdW
OCT 79 ~J FREY N0017S-78-C-0435

UNCLASSIFIED 11*mmmhhhh



FINAL REPORT

PRACTIC-L STUDY OF SILICON MICR0W''7','E TRANSISTORS

" ( / N00 73-78-C-0435

. y 5, 1978 - October 31, 1979

Principal Irvestigator: Professor Je-re¥ r
School of Electrical Engineering
Cornell University

Ithaca, New Yor- 14853 f

- _/
/

AkP 07T) 'OTZR

DTICA~sto to,-ELECTE

Accession For 24LCT
NTIS GRA. I OCT6 1981 T
DTIC TAB
Unannounced i
Just ificat io--D

~ ~By-. . .

Distribution/

Availability Codes

Avail and/or
Dit special1' -'Dis 41 '*'

Fl Si 10 5 010 /1
0I



:.';7RODUCT ION

-e objective of the work performed under this grant waz

-o -udy the technology and usefulness of silicon-on-sapp->-e

2aeV 1 for fdbrication of Scnottky-barrier field-effec-

Tra-sistors suitable for use in the lower microwave freaue-c'

range.

During the grant period, three technologies for the

fabrication of SOS MESFET's (SOSFET's) and their integratz'

in 'icrowave subsystems were developed. Work is continul--

on -ne most promising of these technologies. Each techncl:,

was Found to have a singular advantage in either fabricat ' n

si:licity, potential for large drain-gate breakdown volt:e

(an: therefore for high power devices) or maximum operati-c

fre:-.ency. All technologies developed are based on stancer:

silicon IC processing techniques, making use of selH-alic--e-t

an- lateral diffusion to reduce demands on photolithogra:-i,

an: allow for easy integration of standard microwave IC

lu-:ed elements on insulating substrates.

-.is work was stimulated by a theoretical prediction

ccc: ricrowave performance by these devices (;-) and by t-e

ev::ving need for large quantities of very ldw-cost trans-z

ri- "receive modules operating in the lower microwave free-j= /

a-:e* ,or such systems as strategic and tactical phased
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11. PROCESSING TECHNOLOGY

Three means of fabricating SOSFET's were explored:

i) A three-mask short-channel process on thinned

SOS doped during growth to IE17 donors/cm
3

ii) A recessed-gate process using an ion-implanted

channel.

ii ) A planar process using an ion-implanted channel

that exploits lateral diffusion to achieve short

channel lengths.

i) Uniformly Doped SOS Process. This process is simple

enough to allow anyone with relatively simple facilities to

make MESFET's with reasonably good electrical characteristics.

An outline of the process for this device is-given in Figure

I. The starting material was 300nm thick (100) silicon doped

during growth with phosphorus to a level of 5-10E16/cm 3 .

This material was supplied by the Union Carbide Co., Electronic

Materials Division. The silicon was thinned to 200nm by

briefly etching in a solution of nitric acid:acetic acid:

HF::90:7:3. Undiluted Az1350J positive photoresist was spun

on to a thickness of 1.6 microns and the image of the MESA

mask was projected onto the wafer using a Kasper 10:1 reduc-

tion aligner, although contact alignment also is feasible.

After etching the mesa with the same soluticn as that used

for thinning, the I micron x 200 micron by 250 nm thick

aluminum GATE was defined using liftoff. The gate was

sintered in H2  at 500C for 7 minutes. Finally, AuSb ohmic

• • m m m2
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Eource and drain CONTACTS, seoarated by 5 microns, were

-efined, again using liftoff. A final sinter was done I- -,

BT 2800 for 7 minutes; this ;ow temPerature was necessary to

avc id gold ball-up.

Figure 2 shows the general layout of all of the MES.E-s

-o be discussed. The DC drain characteristics of the uniformly

-oped SOS device are shown in Fig. 3 for 100 micron gate width

"i.e., single gate operation). The observed transconcuctance

aas 42 ms/cm at V = OV, Vd = 5V and the observed pircolfg ds

voltage was -3.OV. The reverse bias gate leakage at -12V was

;0 microamperes; forward bias current as 400 mV was also 10

microamperes. The gate capacitance C of this device wasgs

calculated(2) to be approximately .075pf which results 7n a

cutoff frequency ft = gm/2 C = 900MHz. This value ci

is considerably lower than that predicted by an exact tac-

dimensional device simulation for a one micron gate device (I).

The discrepancy is attributable to the large source-drair

spacing, which led to large source and drain parasitic

resistances, and to a relatively small low-field mobiVity

(about 250 cm /V-sec) in the thin SOS layer, which le to a

low transconductance.

ii) Recessed Channel SCS Process. This four-mas- :rocess

was developed to explore technologies to increase draT- break-

down voltage for power devices; anc to reduce channel ;::act

;onization for low-noise cevices. An outline of the -ec--ology

for this process is shown in Figure 4. The channel weS farmed

Ii
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:) implantation into a 500nto layer of intrinsic 50S . The

implant profile kePt the electron transpor+ ae~'! from botn

the silicon surface and silicon:sapphire i-t erface. 150nm

undoped SO fi 'm (Si I icafi IM) was spu -- "e SOS atx

3000 rpm and densified for 15 minutes at 750C in nitrooer.

A source and drain DIFFUSION photolithography s-ep opened

windows in the oxide after which IOOnm of phosphorus-doped

(C =5E20/cm 3 ) glass was spun on the wafer. The diffusion

was done at 900C for 10 minutes in nitrogen. A SIMS analysis

of the diffusion profile is compared to a SUPRE.1 simulation

for bulk silicon in Figure 5. The measurec phosphorus pro-

file imples that the diffusion coefficient is much larger in

SOS than in bulk silicon; in addition, this coe'ficient varies

markedly with depth. The effective source-drain spacing,

after diffusion, was about four microns. After the diffusion,

the oxide was etched off the wafer. The chanrei RECESS

mask imaoe was then exposed in photoresist that had been dipped

in toluene for two minutes prior to development. The toluene

hardens the surface of the resist, resultinc in sharper lift-

off edges, as will be explained below.

The wafer was then ion milled in argcn at 500V accelerator

potential for 8 minutes to give a 150nm recess in the silicon.

60nm of wet oxide was grown over the entire surface after

the photoresist had been stripped, to bo-n rermcve the milling

damage and keep tne channel surface clean zu'rng the following

step.



T-e .x -e over rne milled reoc1z_ -urned out about fir.

7n1cker - 2- that over 7he !n~rins c sl "icon, It should be

"ote t~a= !-was nOT possible to fzrn a good Schottky arrler

=ate on Qn-eated ion-milled silicon as the milling introduced

a laroe Ceis ty of surface states - ,ch orevented the chaneI

from being t otally depleted before reverse-bias breakdown.

The phosphorus channel implant was performed at 160KeV

with a dose of 1.5El2/cm 2  followed by an activation anneal at

750C for 30 minutes. Figure 5 also shows the implanted channel

profile as predicted by SUPREM. A MESA photolithography

and etch step defined an oxide mask against anisotropic sil~con

etching in S5 hydrazine at 70C for about 4 minutes. AfTer

the oxide was removed, the source, drain and gate aluminum

METALLISATION was defined by lift of,. The wafer was sintered

at 500C for 7 minutes in hydorgen. A micrograph of the finish-

ed device is shown in Figure 6.

During development of this device the lift-off technique

for the A: gate was improved by a two-minute dip of the exposed

but undeveloped photoresist (Shipley AZI350J) in toluene.

Figure 7 shows gate images in AZI350J bo7h without (a) and

with (b) a two-minute dip in toluene prior to development. .

The image in resist that was soaked prior to development has

a sharoer edge near the resist surface, giving a clean lift

off. The resultant gate length, however, is larger than tnat

obtained mnen no soaking occurs.

Figure 3 shows the drain characteristics of the recessed

channel transistor. The gm at V, = CV, Vds = 5V was 130 mS/cm

I- __-
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z, with no parasitic source-drain leakage, the pinch D"

.:i-age would be -1.5V. The ft was calculated to be azoL-

_.75Hz.

-he increased process complexity of the recessed c-.mr7 l

-ev7ce may not be necessary in all cases. Therefore, ar 'on-

-s.lanted/diffused planar process was developed.

iii) Planar SOS Process. This three mask process vie ded

7-= best observed gm of the three processes described. A-

c -,Tline of the process used for this device is shown in

F; ure 9. Undoped SiO was spun on the wafer, after whi:h

-- e source and drain DIFFUSION windows were opened in the

cxtde using ion milling to preserve the required source-d-ain

s:ancing. Doping of the source and drain was done at 9OC: for

minutes using spun on phosphorus doped SiC . The Si: wasx x

-- en removed and 60 nm of wet oxide was grown at 900C. A

:-osphorus channel implant (same parameters as in ii) wes

=lowed by an activation anneal. The MESA was then ion

-;led with a photoresist mask produced by defocussing the

7-.-e projected onto the photoresist; the slopes of the

:eveloped photoresist edges could be varied by varying the

:ecree of defocus. The photoresist edge was transferred to

-e mesa by a 16 minute ion mill at 500V accelerator zote -

- ' The source, gain and drain METALLISATION was defi-ed

.s~nc lift-off of aluminum and the wafer was then sin-ere=

-O0C for 7 minutes.

A gate length of 700 nm was achieved using lift-o"f

= nm of aluminum and 1.6 micron of AZI350J photoresist.
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-ne exsosure le the projection alicner was adJuste: such

-naT after develocrent, the gate length a- he surface of th.e

zhotoresist was 600nm to 700 nm at the silicon surface, although

Vas m. microns at the photoresfst s rf ce. It was no i ed

Tnat for a 15 minute sinter at 500C in hydrogen there was

appreciable diffusion of silicon into the aluminum. This

phenomenon, which is correctable by proper pad 1pacing, is

shown in Figure 10 where the large area gate pad forms a sink

.or silicon atoms.

The drain characteristics of the planar-process transistor

is shown in Figure II. The gm for the planar MESFET was

230 mS/cm giving a calculated ft of almost 5 GHz. The pinch-

off voltage was -3.85V.

Ill. SUMMARY OF RESULTS

Device results obtained are summarized in Figure 12. We

have not yet achieved the results predicted by CUPID, perhaps

because of the following differences between our devices and

those simulated:

I) The intrinsic SOS regions below our devices (ii)

was not perfectly insulating.

2) Our device channels (ii and ill) were not uniformly

doped.

3) Most important, the total source-drain distances

in our devices were larger than those in the simula-

tion.

• a a l l l | l I l I



V. ADDITIONAL TECHNOLOGICAL POINTS

) Effect of mesa on gate width. The Al gate was ford -9

neck down at the point where it crossed the mesa edge, aS

a result of the combination of edge and proximity of 3s;r-e

3nd drain patterns.

This effect was often serious enough to cause open ga-es.

Several phenomena were identified with these problems, ar

were corrected.

(a) After development it appeared from an optica:

microscope examination that the photoresist had excessivelv

necked down. However, a SEM examination of the same re=:'n

revealed that the necking down was less severe indicae-.:

some form of shadowing in the critical region when the o-otc-

resist was viewed using the optical microscope.

(b) Edge diffraction - it was thought that the shar -

transition from gate to gate pad diffracted light near t-at

point. However, necking down was seen even when that -e=ton

is enlarged smoothly.

(c) When the SD contacts (which are on the same -as-

as +he G metal) are terminated such that the gate elec-r~de

must run for several jrm without being close to the SC a-ea,

problems were experienced with the gate thinning dowr -s

the region of SD area influence. In order to improve

uniformity of the interaction between the SO areas ar: -- a

gate during exposure, an asymmetrical SGD pattern was :e.e::et.

This pattern also had a very gradua transition from :i-e

metal to gate pad.

____ ____ ____ __
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: " x:ssve ?e-e I diffusion occasionalIv

resulted in gate-drain and gate-source short circuits. 1t

was found that the effective lateral diffusion of phosphorus

after 15 min at 940 0 C was around 0.8 to 1.0 pim and the sheet

resistivity was 23 Q-. The diffusion temperature was de-

creased to 875 0 C giving a sheet resistance ranging from 80 -

120QO -1 and an effective lateral diffusion of 0.3 - 0.5 um.

We have also used ion implanted source and drain contacts

'o reduce the lateral diffusion problem. PhosPhorus was

0
implanted at 80 key into 500 A oxide covered SCS with a dose

of 1.5 to 5.0 x I015 cm 2 .



" )'e r tion and al icnment e-crs. The original Datern

F:gure S was sensitive to sn!l rotational misalScn-e=t

r laTeral mi lslionment which wuld result in the gate

:e-ween S, and D being closer to The source (for example)

;.e., offset gate in favorable direction: but in this case

-ne gate between S and D would then be closer to the drain
2

where the offset is very unfavorable.

This unsatisfactory situation has been solved LW using

The transistor topology shown in Figure 13, where any mis-

alignment has the same effect on the gate relative to both

sources and drains. However, the rotational problem in

Fig.13 is more severe, i.e., the rotational error between the

diffusion mask and the metal mask needs to be less, than

in Fig. 2. Elimination of rotational error has been achieved

ty using the shift mask principle in which the diffuslon and

the metal masks are combined. In this situation, the whole

pattern of Fig. 13 is diffused into the SOS. A MESA mask

then selects the wanted diffused silicon, the rest being

etched away. The original mask used in the selective diffusion

is now moved up a distance & with respect to its original

position so that the gate lies between the diffused SO regions,

and the photoresist is exposed. As the same mask Is used

for both diffusion and metallization, rotation error can be

drastically reduced and only two plates are now needed to

make the SOS MESFETs. It has aso been possible, using an

extension of the shift mask idea, to use only 2 plates to make

transistors whose SD spacing can be chosen to be 3, 4 or 5 lm

depending only on the amount of shift.

- -m
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7ie new trans 1 tor :-r' -.,r-2 is ralati .el n se-,s' 7'-J-

-c Dct h p)hotom-nsl r e :- ' errors eg, rc--:- ion i r - n.e

S-e an. repea t ) 9no to crcessing linear misalign-mer-.

- lon aI mfsa -,nmen+ between diffusion anc me e! irag-es

7.s been reduced to a neglitle proportions. In acdi7ii-., the

overall topology is more' versatile and allows several different

transistors to be made from the same mask set, which itself

consists of only 2 plates.

K --- -- --
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EXTENSIOUNS OF THIS WCK

A C r s cr renT'j u nder way on:

Platinum metal isation - aold w;I! te de~osited on

-H~tinumin conact Dad areas for co ' j wire bondinc.

SOSFET with V 2.OV, with drain qate breakdown volTace

of 7.5V with either Al or Pt gate.

3) MESFET on laser annealed poly Si uniformly doped to

16 -3 0
5 x I0 cm , 5000 A thick.

i) Comparison between diffused and implanted source and

drain regions with respect to contact resistance, side-

ways diffusion and oxide masking.

5) Consideration of processing steps to be used with electron-

beam-fabricated MESFETs.

VI. CONCLUSIONS

Several technologies have been used for the fabrication

of SOS MESFET's for use in the lower microwave frequency

ranges. These technologies result in devices with performance

suitable for many applications in this range, and can benefit

from the body of experience acquired in the mass-production

of lower-frequency integrated circuits. The sapphire sub-

strate upon which these devices are constructed is an ideal

low-loss medium for the support of microstrip or coplanar

lines for distributed circuits, and is an -e ually good medium

for the support of lumped elements, e.q., lo0 inductors and

interdicitated or MOM capacitors.

_ _ __-_ _ _ _ _ _
- -_ _ _ _ __ _ _ _ .
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The relative cheapness of the SOS material compared to

that, say, of epitaxial GaAs on semi-insulating substrates,

should be considered when evolving IC's for use in the lower

microwave frequency range. Many of the benefits of GaAs for

microwave IC's lie with the availability of such a substrate,

but the advantage is not exclusively to GaAs once the

availability of sapphire, or other insulating materials upon

which Si can be grown or deposited (e.g., SiO 2 ) is recognized.

VII. ADDITIONAL INFORMATION

I) A paper was presented describing our work on uniformly

doped SOSFET's at the SiMESFET Workshop, Boulder, CO,

June 1979.

2) A paper was presented describing our work on planar-

process SOSFET's at the International Electron Devices

Meeting, Washington, DC, Dec. 1979.

3) During the course of this contract two trips were

made to Naval Research Laboratory, Washington, DC,

for technical discussions.
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W discussed.
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Fig. 3. D.C. drain

characteristics for

uniformly doped-process

FET -

D.C. DRAIN CHARACTEPLSTICS ':OR UNIFORMLY COP50-

PROCESS FET.

G,-4m''._1A G OVvS 51

*PINCH OFF VOLTAGE 3.OV.

*FT DREDICTED *900 N
MZ.

a sreaddrain OIFFUSION 90C1mn C t2C.

0 CHANNEL RECESS on fmit I" arqont 200 mm

* ctianngi implant i,5EI2cnr3 
phoprifrus tl 06 Fig. 4 . Recessed-channelI

FEr.
0 MESA PIE usir-q an'sotrOPIC ItCmlflt

0 METALLISATION 2SOneu Al

At Sajrtm, At gat Al &&an)4

Inu I UIS.J loss
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measuremn

o ............. (~ Large Dots SUPREM

I simulation of channel
implant)

0.40

0................... .........

DOPANT CONCINTRATION PROFILES

Fig. 6. Recessed

channel SOS %IESFET.
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Fig. 7. (a) Developed

Gate Pat tern i n AZ 1350,1

(b As above but withn

a 2 minute dip in toluene

prior to development.

'EVE .OPED) CATE -ATTER-1 IN Z1350J

Fig. 8. D.C. drain

cha racte r ist ics for

recessed-channel--crocess

FET.

CRAP- CHARA~C''3T:CS 'EEa.:'-VIL

2-OCETS CET.



Ptarnar SOS 4ESFET

o source and drcdl J:CUSCN VI m; COS@ MP.ANT

" -5S on :tJa~o SOOQV iocnn

o cmo'"'. Motor' 51'c'3 'Moasonoms at '23 a '6O(e4

o ETAL. ISATT-N 2j" A,

Fig. 9. Planar ECS

MESFET.
Atisourc@ 1 ;010 Ak jr i.ln

_____________________Fig. 10. Diff usion

of silicon into

aluminum.
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Fig. 11. D.C. drain

characteriSt icS for

planar-process FET.

D.C. DRAIN CHARACTFQISTICS FCR oL-ANAR-ncCEss-FET

" GM -23OmSlc- AT V~ G-ov, v DS 5v

" PINCHl OFF VOLTACE M .V.

" FT P;PEOICrE~ 3 'HZ,

D..RESULTS FOR SOS MESFET

N PER CM PREDtCTED FTv P GATE WIDTN

L'NIFORMLY DOPED -3.0 V Q2 mS 900 N~iZ Fig. 12. D.C.
results for SICS

RECESSED CH4ANNEL -1.5 V 130 mS 2.7 GHz MESFET.

?'.ANAR -3. 1 230 mS 4.8 Gliz

*!I'D SIMULATION 315 mS 6.2 GHz
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Fig. 13. New improved transistor ropcloY




